Background: Gaucher disease is a common glycolipid storage disease, caused by a deficiency of lysosomal ,3-glucosidase (glucocerebrosidase). Alglucerase is a form of glucocerebrosidase enriched with terminal mannose moieties, so as to "target" the preparation to the highaffinilty macrophage receptor in patients with Gaucher disease. Our earlier in vitro studies indicated that alglucerase was bound by cells other than macrophages by a widely distributed, low-affinity mannose receptor. Materials and Methods: Bone was removed at surgery from six patients with Gaucher disease; in three cases, bone was obtainable both when the patient was un-
INTRODUCTION
Gaucher disease is the most common glycolipid storage disorder, with an estimated incidence of approximately 1:800 in the Ashkenazi Jewish population. The disease phenotype is manifested in macrophages, which become engorged with glucocerebroside as a result of the glucocerebrosidase deficiency that causes this disease.
Aside from allogeneic marrow transplantation, the only treatment effective in reversing glycolipid storage in Gaucher disease is the infusion of glucocerebrosidase that has been modified by removing outer sugars to expose inner mannose moieties. Such enzyme (alglucerase; Ceredase) has been designated as "macrophage targeted", because of the belief that it is specifi-cally bound by the mannose receptor of macrophages.
However, in studies in vitro we found that alglucerase was bound by receptors found on all cell types tested, and that the specific mannose receptor accounted only for a minute amount of the binding observed (1) . We now present in vivo data, obtained from six Gaucher disease patients undergoing joint replacement and one patient whose marrow was obtained by aspiration, that show that far from being macrophage targeted, very little of the infused enzyme reaches the marrow.
MATERIALS AND METHODS

Sources of Marrow Samples
Bone specimens were obtained from six patients with type I Gaucher disease. Each was undergo-ing either surgical joint replacement or a revision of a joint replacement. In the case of Patients 1, 4, and 6, the bone came from the femur. The sample from Patient 2 was from the knee, and the first (pretreatment) sample from Patient 3 from the shoulder and the second, (post-treatment) sample from the acetabulum (assay on the femoral head gave similar results). In three instances, we were fortunate enough to be able to obtain bone from the same patient on two occasions, one while receiving alglucerase therapy and one when not being treated with alglucerase. An iliac crest marrow needle aspirate was obtained from a seventh patient with Gaucher disease and from two normal volunteers. Three control surgical bone specimens were obtained from the hip and one from the lumbar spine from four patients without Gaucher disease undergoing joint replacement surgery.
Sample Preparation and Assay Procedures
Surgical bone samples (Table 1) were packed in dry ice and transported to our laboratory, where they were stored in a -70°C freezer until assay. Each sample was homogenized in a Orthoblend Bone Mill (distributed by Zimmer, Warsaw, Indiana), the bone chips were removed by centrifugation, and enzyme activity was determined by the method of Raghaven et al. (2) . The cells from marrow aspirate (Table 2) were fractionated with Ficoll-Hypaque, and the adherent cells from the interface fraction (3) were assayed for ,B-glucosidase activity using the method of Raghaven et al. (2) . DNA levels were determined by the method of Labarca and Paigen (4), and f3-glucosidase activity was expressed as U/g DNA. Chitotriosidase activity was measured by a minor modification of the method of Hollak et al. (5) .
Alglucerase Infusions
Commercially available alglucerase (Ceredase; Genzyme Corp., Boston, MA, U.S.A.) was diluted in physiological saline solution and infused intravenously over a period of 2 hr into each of five patients. In the case of three of the patients (Patients 4, 5, and 7), the enzyme infusion was concluded immediately before entering the operating room or performing the marrow aspiration; in the case of Patient 3, it was given 8 hr before surgery; and in the case of Patient 6, it was given 48 hr before surgery.
RESULTS
The results of the ,B-glucosidase activity measurements are summarized in Tables 1 and 2 . As expected, the activity in bone from Gaucher disease patients ranged from one fifth to one tenth of that from normal subjects. After infusion of alglucerase, only a very small increase in enzyme activity was found in each of the three patients, much less than calculated even if the distribution of the enzyme had been uniform to all body cells (see below).
The chitotriosidase activity of normal marrow exceeded that of peripheral blood lymphocytes (N.V. = 1.1 U/g DNA) (unpublished), a finding consistent with that expected from a macrophage-rich tissue. The activity of the enzyme was greatly increased in most of the marrow samples from patients with Gaucher disease, indicating that Gaucher cells were probably present in the samples, since these cells are known to be very rich in chitotriosidase.
DISCUSSION
Enzyme replacement therapy for glycolipid storage diseases was first proposed by De Duve (6) and has seemed a particularly promising therapeutic approach to the treatment of Gaucher disease because macrophages function to remove material from the circulating blood and, if glucocerebrosidase were introduced into the circulation, macrophage uptake might result in enzymatic removal of the storage lipid. Enzyme therapy was first attempted by Brady et al., who infused unmodified enzyme into the circulation in 1974 (7) . Although it was claimed that there was a significant decrease in the amount of glucocerebroside in the liver and in erythrocytes, no therapeutic effect was achieved. We targeted the enzyme to macrophages by incorporating it into erythrocyte ghosts (8), as had first been proposed by Ihler et al. (9) , and by coating the cells with immunoglobulin to enhance uptake by macrophages. This approach, used in seven patients, proved very effective in targeting the enzyme to macrophages in vitro (10) and in vivo (1 1). In one patient, a decrease in liver size was observed. However, because the amount of enzyme we were able to purify in a research laboratory was very small and the efficiency of entrapment was not very high, this approach seemed impractical and was abandoned.
Achord and Sly (12) suggested that the man- nose receptor of macrophages might provide a route for efficient delivery of enzyme in Gaucher disease. Enhanced uptake of glucocerebrosidase by murine liver was demonstrated to occur when enzyme with increased exposed mannose content was infused (13, 15) . Enzyme modified in this way was produced commercially as alglucerase (Ceredase), and has been designated "macrophage targeted". We obtained bone removed during joint replacement therapy from six patients with Gaucher disease and from a seventh patient on whom marrow aspiration was performed imme- diately after enzyme infusion. The extracts were rich in chitotriosidase activity, indicating that they were rich in macrophages. After infusion of alglucerase into five patients, three of whom had assays performed when not receiving alglucerase therapy, an increase of ,B-glucosidase activity of 1.7-to 9.6-fold were documented. This range agrees with a single observation reported by Barton et al (16) Marrow from bones surrounding the proximal joints is rich in macrophages, as documented here by the measurement of chitotriosidase activity, an enzyme that appears only as monocytes mature into macrophages. The lack of ,B-glucosidase activity in this marrow after alglucerase infusion indicates that this preparation is not only not targeted to marrow macrophages as hoped, but it is preferentially removed from the circulation at other sites, very likely the vascular endothelium or endothelium of the liver. It is conceivable that marrow macrophages are, in some respect, unique and that preferential uptake occurs in other organs, such as liver and spleen. However, it is notable that the response to alglucerase of marrow function is readily demonstrated, and yet, very little of the infused enzyme can be found there. Measurements in other organs such as liver and spleen are not ethically feasible. The mechanism by which alglucerase is therapeutically effective is unclear. It is not macrophage targeted.
